
Introduction

Chromium-plated sheet has a high melt-
ing point for the coating and requires a high
welding speed. Due to high resistivity of the
chromium layer, conventional resistance
welding could not guarantee weld quality
and speed. Compared with traditional weld-
ing methods, laser welding is a high-energy-
density welding process with high welding
speed, high efficiency, small deformation,
and good weld quality.

Cao et al. (Ref. 1) found that the fusion
zone area and width decreased with in-
creasing welding speed, the heat-affected
zone (HAZ) width was very narrow ranging
from 0.2 to 0.5 mm and decreased with in-
creasing welding speed, and the loss of duc-
tility was mainly due to the presence of mi-
cropores and aluminum oxides.

Capello and Hong et al. (Refs. 2, 3)
found that preheat treatment before weld-
ing and postheat treatment after welding
showed a reduction of microfissures and im-
proved tensile and fatigue properties.

P’ng et al. (Ref. 4) studied Q-switch
Nd:YAG laser welding of 60 μm thin foils of
AISI 304 stainless steel and found that im-

proved aesthetics, reduced porosity, im-
proved energy efficiency, and absence of
hot cracking/thermal distortion were the
chief benefits observed in laser welding over
resistance seam welding.

Sharma et al. (Ref. 5) evaluated the
size and shape variability of weld zones for
laser welded, advanced high-strength
steels with various combinations of types,
coatings, and thicknesses, as well as re-
searched laser welding for different thick-
ness sheets and studied weld shape by al-
tering laser parameters.

Tan et al. (Ref. 6) studied the effect of
laser parameters on the weld quality and
considered that surface roughness Ra had
an influence on the fraction of energy ab-
sorbed, therefore affecting penetration
depth, and also found the higher power

density produced a stronger weld joint.
Y. Zhao (Ref. 7) found that in a root

opening free, lap joint configuration of 0.4-
mm-thick, galvanized SAE1004 steel
sheets, severe spatter and porosity were
produced in the welds, and a prescribed
root opening was needed to vent the pres-
surized zinc vapor and then obtain an ac-
ceptable joint. Experiments validated that
the desired high-quality welds can be
achieved using the optimal parameters.

F. Kong (Ref. 8) found that the keyhole
dynamic behavior as well as liquid flow in
the molten pool depended directly on the
behavior of zinc vapor at the faying surface,
an increase in welding speed could cause a
slight reduction in the plasma spectrum in-
tensity and would decrease the depth of
weld penetration, plus the depth of weld
penetration would increase if the zinc coat-
ing was removed.

J. P. Coelho (Ref. 9) studied the influ-
ence of the dimensions of the laser beam
spot on weld strength and found that the
weld tensile strength could be increased by
defocusing the beam. Getting a “line spot”
by using a cylindrical lens could overcome
that the maximum laser power available had
a limit, while as the area of the laser spot on
the sample increased, more power was nec-
essary to achieve the critical specific energy
required for a good weld.

Y. Shi (Ref. 10) studied the lap welding
of JSC270CC steel and A6111-T4 alu-
minum alloys by a dual-beam YAG laser
with the continuous wave (CW) and pulse
wave (PW) modes, and found that the dual-
beam laser welding could effectively reduce
or avoid the formation of blowholes in the
welded joints.

As the requirement for welding speed
improved and laser power increased, some
weld defects, such as melt through and
concavity, would be experienced when
laser welding thin sheet, approximately 0.2
mm thick. It would have important, prom-
ising applications to carry out research on
high-speed laser welding for thin sheet.
However, at the present time, research in
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ABSTRACT

Focusing on thin sheet high-speed laser welding, this study used 0.19- and 0.21-
mm-thick, chromium-plated sheet as the research object and studied influences of
the elongated spot length on the thin sheet laser welding speed when adopting butt
joint welding by different focus elongated spot patterns from both theoretical and ex-
perimental points of view. It showed from the test result that compared with the nor-
mal spot pattern, the welding speed was increased by 41.6% for 0.19-mm-thick,
chromium-plated sheet when the laser power was 1.5 kW and elongated spot length
was 4.3 mm, while the welding speed was increased by 30.5% for 0.21-mm-thick,
chromium-plated sheet upon elongated spot butt joint welding. Furthermore, com-
pared with the normal spot pattern, sagging of the weld joint end face resulted by the
elongated spot would be greatly reduced. Thus, it was clear that the welding speed
for the thin sheet could be increased with the weld joint quality improved when the
suitable elongated spot pattern was adopted.
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such field is insufficient.
Based on the characteristics of welding

for thin sheet, this research analyzed and
studied how the quality of the weld joint-
would be influenced by the laser space dis-
tribution during high-power laser welding.
It did this through adjustment and control
of the laser parameters in the course of a
welding test where the elongated spot pat-
tern was realized, through a combination of
cylindrical and focusing lenses.

Working Principle of
Elongated Spot

Since 0.19- and 0.21-mm-thick sheets
were adopted as the test subjects, some de-
fects, such as humping, might occur in the
weld where the density of the laser power
was too high (refer to Fig. 1). With regard
to 0.20-mm-thick sheet, the laser welding
was mainly realized through the adjustment
of input power density and action time of
the laser.

Assume that laser action time was t1 = 2

r/v, wherein r was the laser spot radius and v
was the welding speed, and the thermal con-
ductivity depth of laser was h1 = √∂⋅t1
wherein ∂ was the thermal diffusivity coeffi-
cient with the laser focusing spot to be 2r ×
b elongated spot, the power density would
be F2 = P/(π⋅r2 + 2r ⋅ (b – 2r)).

The laser action time was t2 = b/v and
thermal conductivity depth h2 = √∂⋅t2,
wherein b was the length of the major axis
of the columnar spot. Assume the major
axis b = 4r, and the ratio of the laser power
density was F2/F1 = π/(4 + π) = 0.44, the
laser action time ratio t2/t1 = 2, and the heat
conduction depth ratio h2/h1 = 1.414. The
purpose for focusing the laser beams into an
elongated spot was to increase the laser ac-
tion time and laser penetration rate under
the premise of maintaining the material
melting and welding speeds. Here, the
columnar spot b needed to meet two condi-
tions. One was that the material should be
melted under the laser action when the
value of b had an upper limit, i.e., reached
the maximum value. The other was that the

material did not strongly vaporize under the
action of the laser when b had a lower limit,
i.e., a minimum value.

The Formation Mechanism of
Columnar Spot

Based on the characteristics of cylindri-
cal lens focuses only in one direction, a
cylindrical lens and focusing mirror were
used in combination to change the focal
length of the two lenses as well as their rel-
ative positions to generate focused colum-
nar spots of different sizes. The schematic
diagram is shown in Fig. 2.

D0 was the diameter of the incident light
beam after passing the collimator lens, f1
the focal length of the focusing lens, f2 the
focal length of the cylindrical lens, and a the
spacing of the two lenses. If the focusing
lens was in front of the cylindrical lens, as
shown in Fig. 2A, then in the x direction, the
combined focal length of the two lenses
could be obtained from equation 1:

f’ = f1 ⋅ f2 / (f1 + f2 – a) (1)

The distance from the focus to the cylin-
drical lens was given by 2:

EFL = f’ (1 – a/f1) (2)

Put 1 into 2, and we get:

EFL = (f1 – a) ⋅ f2 / (f1 + f2 – a) (3)

In the y direction, the cylindrical lens did
not have focusing effect, and the spot size b
could be obtained according to the triangle
similar relationship by 4:

b = (f1 – a)2 D0 / [(f1 + f2 – a) ⋅ f1] (4)

As shown in Fig. 2B, when the focusing
mirror was behind the cylindrical lens, EFL,
the distance from the focal point to the fo-
cusing mirror, and the elongated spot
length b could be obtained from 5 and 6, re-
spectively:

EFL =(f2 – a)⋅ f1 / (f1 + f2 – a) (5)

b = f1 ⋅ D0 / (f1 + f2 – a) (6)

The value of the minor axis of the elon-
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Fig. 1 — Laser welding surface appearance. A — Front side; B — the back. Laser power density is 6.97 × 105 W/cm2, welding speed is 45 m/min.

Fig. 2 — Schematic diagram of columnar laser spot welding. A — Cylindrical lens behind focusing
mirror; B — cylindrical mirror in front of focusing mirror.

Table 1 — Laser Parameters

Laser Power Fiber Diameter Focal Length of Focal Length of 
(kW) (mm) Collimating Lens (mm） Focusing Lens（mm）

1.5 0.6 86 100

A

A

B

B
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gated focus spot was calculated by the fol-
lowing equation:

d = d0 ⋅ f’ / f3 (7)

Where d0 was the diameter of the fiber,
f3 was the focal length of the collimating
lens, and if the laser spot was a circular focus
spot, f’ was the focal length of the focus lens.
In this test, the following values were given:
d0 = 0.6, f1 = 100 mm, f2 = 200 mm, f3 = 86
mm, and a = 40 mm, so the diameter of the
elongated focus spot was 0.54 mm, if only
using f1 = 100 mm without the cylindrical
lens, the diameter of the circular focus spot
was 0.70 mm.

Adjustment of b, the value of the
columnar spot length, could be realized by
changing the value of f1, f2, and a. Figure
3 shows the size of a focused spot formed
on the workpiece after going through the
focusing lens/cylindrical lens with the
curve reflecting the change of working dis-
tance with the spacing between lenses in
the combination and focal length of the
cylindrical lens. Figure 4 shows the size of
a focused spot formed on the workpiece
after going through the cylindrical lens/fo-
cusing lens with the curve reflecting the
change of working distance with the spac-
ing between lenses in the combination and
focal length of the cylindrical lens,
wherein, D0 = 30 mm.

When the focal length of the cylindrical

lens was increased, the focused spot length
of combination lens was decreased, while
the working distance of the laser butt joint
welding was increased. As shown in Fig. 3,
when the laser beams first went through the
focusing lens and then the cylindrical lens,
the lengths of the focusing spot and welding
working distance were reduced as the spac-
ing of the two lenses increased. As shown in
Fig. 4, when the laser beams first passed
through a cylindrical lens and then the fo-
cusing lens, the length of the focusing spot
was increased as the spacing of the two
lenses increased, while the welding working
distance was reduced. Compared to Fig. 3,
the change was not significant. In this ex-
periment, a combination consisting of a
cylindrical lens with focal length 200 mm
and focusing lens with focal length 100 mm,
plus the 0.19- and 0.21-mm-thick, chrome-
plated sheets, were used to study the im-
provement of laser energy distribution with
columnar spot and speed increase of the
laser butt joint welding by prolonging the
time of laser action.

Laser Welding Experiments

Laser Welding Equipment

Figure 5 shows the laser welding equip-
ment. For the laser, a continuous YAG
semiconductor laser was used with a maxi-
mum power of 2 kW, wavelength of 1064
nm, in addition to a focus lens with a focal
length of 100 mm.

Laser Welding Experiments

A 1.5-kW laser was used for butt joint
welding a 0.19-mm, Cr-plated sheet of a cer-
tain base material. The combined cylindri-
cal lens with a focal length of 200 mm and a
focusing lens with focal length of 100 mm
adjusted the spatial distribution of the fo-
cusing spot to implement laser welding with
a spot of a different length b — Fig. 2. The
parameters of the laser are shown in Table
1 and that of the focusing mirror set in Table
2. The first parameter applied to a focusing
laser beam through cylindrical lens/focusing
lens on the workpiece, and the second pa-
rameter applied to focusing a laser beam
through the focusing lens/cylindrical lens on
the workpiece.

Three different focusing crafts were
used. First was a focusing lens with a focal
length of 100 mm to directly focus the
laser beam on the workpiece surface. The
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Fig. 3 — Laser focused on the workpiece through focusing lens/cylindrical lens.

Fig. 4 — Laser focused through cylindrical lens/focusing lens onto the workpiece.

Table 2 — Parameters of the Combination of Lens

No. a (mm) f’ (mm) EFL (mm) b (mm)

1 20 71 64 10.7
2 40 77 46 4.3

Fig. 5 — Laser welding equipment used in the
study.
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maximum speed of butt joint welding was
18.5 m/min and a weld width of 1 mm.
The appearance of the weld surface is
shown in Fig. 6A and B, wherein A is the
front side of the weld and B the back. Sec-
ond was a cylindrical lens/focus lens to
aim the laser beam onto the workpiece.
The parameters of the combination lens
is shown in No. 1, Table 2. The maximum
speed of butt joint welding was 23.1
m/min, weld width 0.85 mm, and the
width of HAZ 0.25 mm. The weld surface
appearance is shown in Fig. 6C and D,
wherein C was the front side and D the
back. Third was the focusing lens/cylin-

drical lens to aim the laser beam on the
workpiece. The parameters for the com-
bination lens is shown in No. 2, Table 2.
The maximum butt joint welding speed
was 26.2 m/min with weld width 0.65 mm.
The weld surface appearance is shown in
Fig. 6E and F, where E was the front side
and F the back.

With respect to no application of cylin-
drical lens, the welding speed could be in-
creased by 41.6% when the columnar spot
length was 5.4 mm, while the columnar spot
length was 10.7 mm, the welding speed
could be increased by 24.8%. Therefore,
compared to the ordinary laser spot weld-

ing, the columnar spot could have a higher
welding speed.

Results and Analysis

Influence of Columnar Spot on
Welding Speed when Cylindrical Lens
with Various Focal Lengths is
Combined with a Focusing Mirror

Welding a chrome-plated sheet was
carried out the same as in the laser weld-
ing experiments section using a laser with
a power of 1.5 kW. Laser parameters are
shown in Table 1. The focal length of the
focusing lens with f1 = 100 mm, plus cylin-
drical lens with focal lengths of 200, 500,
and 1000 mm, were combined with a 100-
mm focusing lens, respectively, and the
parameters as well as welding test results
are shown in Table 3.

Just like in that section’s experiment,
when only 100-mm focusing lens was used,
the 1.5-kW laser welding speed was 18.5
m/min, indicating that the welding speed
could be increased through a cylindrical
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Fig. 6 — Surface appearance of weld from laser butt joint welding.

Table 3 — Parameters and Experimental Results for Combination of Lens 

No. f2 a b Welding Speed Remarks
(mm) (mm) (mm) (m/min)

1 1000 30 2.2 19.3 Focusing mirror close to the welding workpiece
2 500 30 2.6 20.8 Cylindrical lens close to the welding workpiece
3 200 40 4.3 26.2 Cylindrical lens close to the welding workpiece
4 200 30 5.4 24.6 Cylindrical lens close to the welding workpiece
5 200 20 10.7 23.1 Focusing mirror close to the welding workpiece

A

FE

B

DC
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lens. Maximum welding speed was ob-
tained with a columnar spot of 4.3 mm.

Laser Welding Experiment on the
0.21-mm Sheet

Butt joint welding experiments were
made using a 200-mm cylindrical lens and
a 100-mm focusing lens, respectively,
welding base material 0.21 mm in thick-
ness, and laser power of 1.5 kW. The rela-
tionship between welding speed and pa-
rameters of the lens combination were
obtained, as shown in Table 4.

When a cylindrical lens was not used,
after focusing at a focal length of 100 mm,
the maximal speed of laser welding was
16.9–18.5 m/min, averaged at 17.7 m/min.
When a cylindrical lens with a focal length
of 200 mm was used, if parameter 1 in
Table 4 was used, the columnar spot was
4.3 mm, and the maximum welding speed
was 23.1 m/min. Compared to a circular
spot, which was not used, the welding
speed was increased by 30.5%. If parame-
ter 2 was used, the maximum welding
speed was 20.0 m/min. Compared to the
circular spot, the welding speed was in-
creased by 13.0%.

In the working principle of elongated
spot and formation mechanism of columnar
spot sections, the effect of cylindrical lens
increasing butt joint welding speed (41.6%)
for 0.19-mm sheet through a test was made.
It was found that without increasing laser
power, the thinner the welded base mate-
rial, the more obvious the effect of the
columnar spot.

In Fig. 7, laser parameters for No. 1–4
were as follows:

1. Focusing mirror with focal length of
100 mm, workpiece thickness of 0.21 mm

2. Focusing mirror with focal length of
100 mm was put close to the workpiece
and combined with a cylindrical lens with
focal length of 200 mm, workpiece with
thickness of 0.21 mm

3. Focusing mirror with focal length of
100 mm, workpiece thickness of 0.19 mm

4. Focusing mirror with focal length of
100 mm was put close to the workpiece and
combined with a cylindrical lens with focal
length of 200 mm, workpiece with thickness
of 0.19 mm.

After etching the weld structure, it was
observed after laser welding that the de-
pression value of parameters 1 and 3 in Fig.
7 was about 10% of the sheet thickness (in
Fig. 7, thickness of specimens 1 and 2 was
0.21 mm; that of 3 and 4 was 0.19 mm). With

columnar spot mode, the degree of protu-
berance or recesses on the weld (see 2 and
4 in Fig. 7) was significantly smaller than
that on the weld without using a cylindrical
lens (see 1 and 3 in Fig. 7). This was because
with columnar spot mode, the beam energy
became uniform and the formation of weld
pool during the welding process became
stable without material strongly vaporizing
or impact, improving the weld quality. It
could be seen that columnar spot reduced
the projections and recesses of the welds,
reducing weld defects, as also reported by
A. Haboudou (Ref. 11), who found that
dual spot welding would significantly re-
duce the porosity rate because dual spot
welding had a stabilizing effect on the weld
pool.

Weld End-Face Experiment

When comparing the end surface de-
pression by ordinary light and columnar
light spots, it was found that the depres-
sion by ordinary spot laser welding meas-
ures 0.8 mm in length, as shown in Fig.
8A, while the depression left by columnar
spot laser welding was almost invisible.
Use of a columnar spot in laser welding
could reduce or eliminate the depression
on the end face of the weld and improve
weld quality.

Tensile Test and Cupping Test

A tensile test was carried out on the
welded 0.19- and 0.21-mm-thick, chrome-
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Fig. 7 — A cross-sectional view of the weld.

Fig. 8 — The end face depression contrast. A — Ordinary spot; B — columnar spot.

Table 4 — Columnar Spot Contrast Test on 0.21-mm-Thick Chrome Plate

No. f2 (mm) a (mm) Welding Speed (m/min) Remarks

1 200 40 23.1 Cylindrical lens close to the welding workpiece
2 200 30 20.0 Focusing mirror close to the welding workpiece

A B

1 2

43
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plated sheets under different laser parame-
ters for laser butt joint welding to test the
yield strength of the weld joints. The tensile
test rig (5 kN) is shown in Fig. 9 and the ten-
sile specimens in Fig. 10. All the fractures
were plastic fractures at locations other
than the welds.

The tensile test in Fig. 10 indicated the
tensile strength of the weld exceeded that of
the base material. An Erichsen cup test was
used for reflecting the plastic properties of
the weld. Table 5 shows the cupping test re-
sults of various laser parameters with weld
test blocks of which No. 1–4 was defined in
Fig. 7 of the laser welding experiment on the
0.21-mm sheet section. From the cupping
test results, it could be seen that the cupping
values of welds were greater after using
columnar spot. Compared with laser welds
using an ordinary spot, in the cases of 0.19
and 0.21 mm, the cupping values of laser
welds resultant from using a columnar spot
were found to have increased by 12.7 and
3.7%, respectively. The cupping value was
the pressed depth value of a spherical punch
when the first crack appeared on the speci-
men by pressing the test specimen with the
weld, which reflected the plastic properties
of the material. After going through a cylin-
drical lens, the beam pattern of the colum-
nar spot was improved, and the laser energy
concentrated at the center of the weld was

reduced, thus reducing weld defects and en-
hancing weld quality.

Conclusion

In previous work, the relationship be-
tween laser spot mode and welding speed in
high-speed welding was investigated. By
metallographic analysis of the shape of the
molten weld pool, tensile test, and cupping
test, the influence of laser parameters on
weld quality was studied. The following con-
clusions were reached:

1. For 0.19-mm-thick, chrome-plated
sheet, the laser beam was passed through
the focus lens/cylindrical lens (speed 26.2
m/min) and cylindrical lens/focus lens
(speed 23.1 m/min). Compared to not using
a cylindrical lens (speed 18.5 m/min), the
welding speed was increased by 41.6 and
24.8%, respectively.

2. In the case of 0.19-mm-thick, chrome-
plated sheet, maximum welding speed (26.2
m/min) was obtained when the columnar
spot was 4.3 mm, at laser input of 1.5 kW.

3. For butt joint welding experiments on
0.21-mm-thick, chrome-plated sheet, with
the laser power at 1.5 kW, the maximum
welding speed was 17.7 m/min when the
cylindrical lens was not used and 23.1 m/min
when a combination of cylindrical lenses
were used, reflecting an increase of 30.5%.

4. When the laser input power remained
the same, the thinner the welding base ma-
terial, the greater the contribution of
columnar spot to welding speed.

5. Through cross-section corrosion of
the weld, it was found that after improving
the beam mode of the columnar spot, raised
or sunken welds were significantly reduced.
Compare the result with weld ports depres-
sion, and we found that welding with cylin-
drical lens basically eliminates end face de-
pression and improves weld quality.

6. Through a weld tensile test, none of
the breaks found occurred in the weld
area, indicating that the weld strength was
higher than the base material. Compared
to the result with a cupping test, it was
found that use of the cylindrical lens im-
proved the cupping value, i.e., the quality
of welds.
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Table 5 — Cupping Test Results

No. Welding Speed Weld Cupping Value Thickness
（m/min） (mm) （mm）

1 17.7 5.39 0.21
2 23.1 5.59 0.21
3 18.5 5.11 0.19
4 21.6 5.76 0.19

Fig. 9 — Tensile test rig. Fig. 10 — Tensile test results in blocks.
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